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1. INTRODUCTION 


Some 30% of the chapter's in this series have been concerned with the 
physical or chemical characterization of the various classes of soil 

organic compounds. With few exceptions, the work has been carried 
oat on material extracted from the soil. This approach has provided 
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quantitative data, such as the total amount of carbohydrate in a soil and 
the relative proportions of individual monosaccharides. It has however, 
loft unanswered such questions as the reasons for the apparent resistance 
of soil polysaccharides to microbial degradation. A similar situation 
exists for soil N, Only 1 to 3% of the soil N is mineralized during a 
season, even though nitrogenous compounds similar to those known to 00- 
cur in plants and microbial products are mineralized rapidly when added 
to soil (Bremner, 1967). A variety of explanations have heen proposed 
for the stability of organic master (Clark and Paul, 1970, Cheshire, 1977) 
Dut a definite answer will require knowledge of the precise location of the 
organic matter in the soil fabrie and its association with clays, metal 
ons, and other organic components. 

‘The necessity for In situ studies of soll organic matter has been evident 
for some time but the acquisition of information has been restricted by the 
१००६ of suitable techniques. The application of electron optieal techniques 
to the study of soi} samples from natural systems, with their native struc 
ture intact, ts beginning to provide the required information, By using 
electron probe microanalysis (PM), some individual elements can be 
localized with high precision in soil Sections and their concentrations 
measured. The use of scanning electron microscopy (SEM) has provided 
information on the morphology of 501] components and on their distribu~ 
Hon al surfaces within the soil fabric. Biological material such as micro 
bial cells or aggregates of organic matter can be identified in ultrathin 
sections of resin-impregnated soll by transmission electron microscopy 
(FEM) in both the conventional (CTEM) and scanning (STEM) modes. 

We will discuss the techniques presently available for in situ studies of 
soil components of biological origin with special emphasis on TEM inves 
tigations, and will present selected data to {Ilustrate thetr applications, 
imitations, and possible future developments in this field. We will not, 
however, review results obtained by these techniques in studies of partic~ 
ular topics such as the estimation of biomass or plant production. 


I. LOCALIZATION IN SOILS 
General 


Schlesinger (1977) has estimated that on a global basis there is more 
organic C in the detritus in and on the surface of soils (1456 x 109 tonnes 
©) than in the living biomass above and within it (826 x 109 tonnes 09. Al- 
hough the total amount of organic © at various depths is known for a var- 
३०७ of ecosystems and the major chemical components have been broadly 
and in some cases minutely characterized, detailed analysis of the mor- 
phology and spatial distribution of organic matter within soil fabries has 
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remained largely neglected, even at the light microscope level. Brewer 
(2964), Bal (1973), and Babel (1975) have introduced systems of classifi 
cation of soil organics, based mainly on morphological criteria. 

Investigations have been made of the distribution of organio matter in 
sections of soil, taken from inereasing depths in particular soil profiles, 
amd changes have been related to pedological processes and to the action 
of soil fauna (Babel, 1971; Bal, 1973). Bullock (1974) and Babel (1975) 
have reviewed recent work on the distribution of organics in sot) fabrics 
as determined by light microscopy. Such investigations are Limited by the 
resolution of the light microscope and by the thickness of soil sections to 
particles greater than 2 um. Electron microscopy is necessary for the 
in situ analysis of organie matter of submicrometer size, and, in favor 
able preparations, organic particles down to macromolecular sizes (eg. 
5 nm) have been observed in situ in natural soil fabrics. 

‘Tho preparation for electron microscopy of soil fabrics in which all the 
soil components are proserved in situ is beset with peculiarly difficult 
technical problems. These problems arise from the physical and chemi 
eal heterogeneity of most soils at the ultrastructural level. A typical si 
fabric may contain extremely hard materials such as quartz, which ean 
only be sectioned with difficulty, and soft inorganic and organic colloids. 
Sand grains 1mm or more in diameter may lie noxt to fragments of lipo- 
protein membrane only 10 nm thick. ‘These gross differences in texture 
may induce compression artifacts, as well as tearing and fragmentation 
of ultrathin sections. 

Soil components differ markedly in their stability. Most minerals are 
unaffected by the processes involved in preparation for electron micros~ 
copy and in the electron beam, but some clays shrink, distort, and even 
collapse completely on dehydration (Smart, 1971). Some organic com 
ponents, such as low-molecular-weight lipids, carbohydrates, and poly- 
honols, may be soluble in the reagents ७500 in fixation, dehydration, and 
‘embedment and may be removed from the fabrie altogether, or redepos~ 
ited ७६ new sites. Most organies are rapidly denatured, and even de- 
stroyed, in the electron beam so that it is necessary that they are chemi- 
cally stabilized and fixed in sit in the soll fabric, before examination by 
electron optical methods. Many solls have a loose, open texture, and 
‘mechanical support must be provided for the Labrie to prevent its collapse 
during preparation for clectron microscopy. 

Whereas most of the Inorganic components have high intrinsie electron 
density and are readily detectable by electron optical techniques, most 
soil organics are largely composed of elements of low atomic number 
Gi, ०, ९, N) which are not at present detected routinely in electron mi- 
eroscopes. Some old organic materials may become naturally impreg- 
nated with elements such as Fe, AL, or Mn, but unstained, freshly de~ 
posited organics can only be seen electron-optically as transparent 
regions in otherwise donse fabries. Examples are the carbohydrate 
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capsules surrounding bacteria in Figs. 1 and 2. In SEM, smaller frag~ 
ments of organics are recognized as amorphous or fibrillar material 
coating otherwise sharply delineated mineral crystals (MoKyes et al. 
3974), while larger deposits ean he entific by their morphology. Pre~ 
cise localization and positive identification of soil organic matter depends 
‘on the use of electron-dense, heavy metal compounds which are infiltrated 
into ox deposited upon organic structures (Foster and Marks, 1967; Smart 
1974; Foster, 1978), In general, those organies which do not react with 
metals will not be seen. 

‘The peoullar features of soil fabrics require that a mbxure of conven- 
tional methods (Pease, 1961; Kay, 1967; Pearse, 1972: Glauert, 1974) 
and special techniques (Smart, 1974; Tovey, 1974; Foster and Rovira, 
1976, 1973) are used to prepare soll fabries for electron microscopy. 
Most soils contain biological organisms such as fungi and bacteria, which 
have ७ well-known ultrastructure, and the quality of the preservation of 
their internal membranes provides a useful check of the adequacy of the 
preparation techniques. Unfortunately, these techniques limit the resolu- 
Hon obtainable by electron optical methods in in situ studies of sof! fab- 
ries. Despite high intrinsic eleetzon density and stability, the ultrastruc~ 
ture of minerals in situ in soil sections cannot be seen with the same high 
resolution as when the minerals are isolated from the fabrie and examined 
directly. In sections, details are masked by the organic embedding medi 
lum which encloses the particles. Resolution of organic materials is further 
reduced by the inherent granularity of the metals deposited in and on them 
to obtain contrast. Even so, macronoleules such as fibrils in bacterial 


capsules can be seen in situ and the electron optical methods can provide 
slink between the studies of the soil micromorphologist and the soil 
biochemist. 

Full in situ analysis of organic matter in natural soli fabrics depends on 
the solution of the technical problems outlined above, in particular the 
following: 


1, Stabilization of the soil Labrie to prevent relative movement of its 
components during preparation for electron micraseopy 

2. Detection of the organle matter, Including the eapaelty to distinguish 
it from finely divided or amorphous colloidal inorganic materials 

3. Differentiation, both morpholoxcieally and chemieally, between the 
different kinds of organic matter 

‘stimation of the relative proportions of the various components of 
the soil fabrie 


EPAD, only TEM of ultrathin sections of soll fabries tr 
strate-specific stains provides information at high resolution on both the 


FIG. 1 Soll fabric remote from roots, showing soil bacteria enclosed in 
olay minerals or associated with humified organlos. ‘The bacterial eap- 
sule is unstained. Os/U/Pb. (Note: All figures in this chapter are trans~ 
mission electron micrographs of ultrathin sections of natural soil fabrics 
and are not embedded in agar. The bar = 14m. Abbreviations: b = 
bacteria; © = clay minerals; ca = capsule material; d = cytoplasmic 
debris; h = humified material; 0 = organic matter; q = quartz; R= com- 
pressed wall remnants; छ = silver-reactive carhohydrate: v = natural void: 
w = coll wall.) 
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FIG. 2 Root-soil interface showing major, plant-derived organic mate~ 
rials found in soils: mucilage (m); coll walls: and bacterial metabolites 
[eapsulo, polyaydroxybutyrate (white), and polyphosphate (black granules) 
in bacterial, Note lysis 0) of mucigel by bacteria, Os/La, 
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Iocation and the chemical nature of soil organics. The following diseus- 
sion therefore deals largely with processes necessary for the preperation 
of ultrathin seotions of soils. 


B. Methods 


1. Stabilization of the Fabric 


Soil fabrics may be stabilized physically by enclosing them tn an organic 
gel (primary embedment) and chemically by treatment with organic alde— 
hydes (primary fixation). Primary embedment with agar or gelatin has 
been widely used, especially by microbiologists (Hawker et al., 1962; 
Bullock, 1974). ‘The combination of primary embecment in agar and pri- 
‘mary fixation by glutaraldehyde and acroleia or formalin has been used 
for TEM studies of peat (Dart et al., 1969) and moze normal soils 
(Poster, 1978). Dart et al, (1969) chemically fixed the soil fabric with 
aldehyde vapors before agar infiltration. Foster used a mixture of agar 
and aldehydes. Enhanced infiltration of the agar-aldeayde mixture was 
obtained by maintaining the sail at 38°C for 20 min before cooling and for 
ther fixation at 4°C (Foster, 1978). Fixation of organic materials in soils 
ts improved if the agar-impregnated blocks are reduced to 1 em® for the 
first hour of fixation and to 1 mms thereafter. Preservation of biological 
structures may be enhanced by the addition of divalent ions such as Ca or 
Mg to the fixative. Gel infiltration and fixation may be performed on ex- 
posed soil profiles in the field. 

It is necessary that the primary embedding medium have an amorphous, 
fine-grained structure at the ultrastructural Level and that It dove not 
react chemically with soil components or with the secondary fixatives or 
stains. Davies et al., (1964) showed that gelatin reacts with soil poly= 
phenols and that these reactions are pH-dependent, Such reactions may 
interfere with subsequent staining procedures. Some humic materials are 
sensitive to pH changes and it is necessary to buffer the fixative. The 
type and FH of the buffer are Limited by the nature of any subsequent bis- 
tochemical reactions, ७.8. , tests for specific enzymes in the soil fabric 
(See. M.D.2). 


2. Enhancement of the Electron Density of Soll Organtes 


Positive staining of organic matter may be obtained by treating the bulk, 
agar-embedded specimens (block staining) and/or the plastie-embedded 
sections (section staining) with solutions of heavy metals. Some blo- 
chomicals which do not react with heavy metals in the native state may 
be rendered reactive by chemical pretreatment, Four or moro stages 
may be employed in succession as follows: 
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‘Treatment of the bulk, agar-embedded soil sample with substrates, 

specific for particular soil organics, such as enzymes 

‘Treatinent of the bulk specimens with nonspecific secondary ftxa~ 

tives containing the salts of heavy metals, such as osmium, manga~ 

3. Treatment of the ultrathin, plastic-embedded sections with sub- 
strate-specific stains 

Further enhancement of electron density of organies with nonspecit- 

10 stains applied to the ultrathin sections 


For routine purposes, stages 1 and 3 are omitted. 


a. General heavy metal secondary fixation ‘The most commonly used 
secondary fixative is 0504. KMnO4 was once widely used for biological 
materials, but it is now known to destroy some cellular components. Tho 
reaction of these fixatives with certain organic materials has been inves- 
gated by Bahr (1954), Hake (1965), and Bland et al., (1971). The genes 
al conclusions are summarized in Table 1. 

Of the materials listed in Table 1, carbohydrate plays the major role in 
maintaining soil structure, Unfortunately, carbohydrate does not react 
with aldehydes, O504, or KNINO under the conditions normally employed 
in biological preparations (Bahr, 1954). Proteins, lipids, and nucleic 
acids, which do react, are only minor constituents of the bulk soil, but 
they may be important components of plant exudates. A large part of the 
plant-derived organie matter which enters soils consists of cell wall 


TABLE 1 The Reaction of Commonly Used Fixatives with 
Organic Materials* 


Aldehydes 0804 KMnOg 
Nuolele acids तर शु 
Proteins ५ . + 
Phospholipids - oo 
‘Unsaturated fats लि + + 
Polysaccharides - é = 


sey: 2 Weak or no reaction: + moderate reaction; + strong reaction; 
D material destroyed. 
Source: Adapted from Juniper et al., (1970) 
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TABLE 2 ‘The Reaction of Commonly Used Fixatives With Wood 
Derivatives® 


०५०५ ENO 


Gymnosperm Wood 

‘Wood meat + ति 
Milled wood i + 
Milled wood lignin ” paren 
Methanol lignin i ee 
Holeeellulose i हन 


Angiosporm Wood 
‘Wood meal + कक 

Milled wood oe ” 

Milled wood Lignin ee st 
Methanol lignin = ee 

Holocellulose ड 


ey: 2 no reaction; + weak to H+ strong reaction. 
ree: Adapted from Bland et al. (1971). 


materials from stems and roots, ‘The reaction of the more biologically 
stable components of these tissues with 080] and KMnO, is presented 
im Table 2. 

‘The main O60, and KMAO,-reaotive materials are liynified tissues 
and those contaising other polyphenolies. 0504, which is preferred by 
biologists, does not reset so strongly with lignin as KMnOg, and the Tat 
tor may be preferable in studies of soil sections. 

‘Humified materials contain both phenolics and amino acids (Ladd and 
Butler, 1971; Flaig et al., 1975) and these react with 0504 and KMnO,, 
25 shown In Table 3. The most reactive compounds are those containing 
df and trihydroxy phenolic groups, unsaturated acidic, alcoholic, or 
aldehydic groups, and phenolic syringyl groups. Suliydryl and aromatic 
groups are the most reactive moieties of amino acids. Thus most of the 
electron density observed in the nonliving organic components of soils, 
following conventional fixation is due to polyphenolic and amino acid 
groups (Foster, 1978) 


७. Nonspecific staining ‘The electron density of organte materials in 
ultrathin sections of soil fabrics may be enhanced further by treatment 
with alkaline lead citrate (Reynolds, 1963), phosphotungstic acid (Hall et 
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TABLES Reaction of Commonly Used Secondary Fixatives with Model 


Compounds Related to those Found in Humic Materials® 


sept 5, Kino, ००७३०७५ उव ऋ 
Phenolics 
Se TEL CEM Mmmoaes . ., 
हालत पी IST See ~ 3 
Phloroglueinol et ala = an 
Bonzaldohyde : i ee 
p-Donratdongde a eg अन 
Protoocteshnehyde set न 
अक are Drains ane 
Springaldehyde A न wis 0f 
Prliydrongbenzotc acid Lis Dic phenvlals a ts 
Protoeatechuic acid जन tt Eee i ii 
Cer Simm 2 2 
] पि की 1 

FF 
p-Coumarie acta tie fae दकल + + 
Sina acid Fits 1६८ 107 
Signe sold ce ae Ri Sa 
त्य कक Se यन? ieee, S 
पक iene Smee SR जसका eat 
tice! Modified vom Bland tals» (11) 

al., 1949), and/or uranyl acetate solutions (Watson, 1958), ‘The methods 


are deseribed in the standard manuals (Meck, 1970; Juniper et 11. , 1970: 
Mercer and Birbeck, 1972; Pearse, 1972). Clowes and Juniper (1963) 
have pointed out that the precise nature of the reaction of these stains with 
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particular organic groups is unknown; the action of some stains is contro- 
versial (Pease, 1975), and others may enhance the electron density of 
amorphous inorgante colloids. They may merely increase the electron 
donaity already conferred by the secondary fixatives. When solutions of 
lead salts are added to natural soils, Pb is adsorbed primarily onto the 
humic materials (Zimdahl and Hassett, 1977); it also resets with some 
carbohydrates, clay minerals, and oxides of manganese and iron (See. 
II1.D.1). General heavy metal stains, such as lead, may therofore aid 
detection of finely divided deposits of soil components, but may not neces~ 
sarily provide information about thelr chemical nature. 


¢. Specific histochemical reactions The use of specific histochemical 
stains for tho identification and localization, at the ultrastructural level, 
of organies in situ in soil fabrics has been limited by the lack of informa: 
tion on the precise nature of the chemical groups present in unmodified 
soil organic matter. Most of the published work has been about the iden 
tity of organics extracted from the fabric and degraded by enzymes (Ladd 
and Butler, 1972) or by other, sometimes drastic, chemical methods 
@laig ot al., 1975). Specific groups present on these breakdown products, 
may or may not be present in the unmodified 5011. 

‘Within the last ten years, methods have been introduced for the precise 
Mentification and localization, at the ultrastructural level, of a wide range 
of biochemicals. Their use has been largely limited to biomedical tissues, 
but some methods have been adapted to the kinds of plant materials likely 
to be found in 5018. ‘Tests for carbohydrates and proteins are of particu- 
lar relevance to studies of soil fabrics, especially now that methods are 
available by which particular types of carbohydrate and particular pro 
teins, such as enzymes, may he located. For example, the ultrastructure 
of acidic polysaccharides on roots has been investigated by the use of 
colloidal iron (Roland and Vian, 1970) 

‘Mucopolysaccharides may be demonstrated by the use of a ruthenlum 

|-Os0, complex (Luft, 1973). Ru Os has been used to Incroduee 0100- 
tron density into capsule carbohydrates surrounding bacteria, both in tis~ 
sues (Cagle et al., 1972) and in soils (Fig. Sa; Foster, 1978). Neutra 
carbohydrates may be stained by lanthanum hydroxide (Revel and 
Karnovsky, 1967), and La hag heen used to demonstrate mueilage seeret~ 
ed by roots into soil fabrics (Fig. 2). Carbohydrates which do not react 
with heavy metals may be induced to do so by pelor chemical treatment. 
For instance, vie-glyeol groups in carbohydrates may be oxidized by 
periodic acid to generate aldehyde groups, to which organic bridging com 
pounds can be added which do complex heavy metals. Examples are the 
methenamine-silver method (PAMS) of Rambourg (1967), the thiocarbo~ 
hydrazide-Os method (PATO) of Hinder et al. (1964) and the thiocarbohy~ 
drazide-silver proteinate method (PATSP) of Thiery (1967) 
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FIG. $ Examples of soil organics 1 


phology: (a) fibrous Ver 
0509; (b) arthropod! appemlages Os, Pb: (0) plant cell walls at various 
stages of decomposition. At 1 the wall is reduced to a fibrous lignin skel 
con and at K to convoluted multilamellate remnants, O8/Pb. 


er 


A variety of heavy motal compounds have boon used to demonstrate par~ 
ticular biochemicals in biological tissues. ‘These include salts of bismuth 
(Albersheim and Killias, 1963), indium (Watson and Aldridge, 1961), and 
Vanadium (Callahan and Horner, 1964) for nuclele acids: phosphotungstic 
acid for proteins, and, at pH 1, for certain carbohydrates (Pearse, 1972), 
ete. These tests have proved unspecific when applied to soll fabrics, pos 
sibly because other soil components have ३ high affinity for heavy metals. 
Included are other soil organics such as humic compounds and certain 
minerals (Flaig ot al., 1975; Forbes et al., 1976: Zumino and Martin, 
1977; Zimdah! and Hassett, 1977). 

Enzymes have been located precisely in biological tissues by making use 
of their specific catalytic properties. Techniques have been published for 
a wide range of enzymes, including cellulases, dehydrogenases, ester 
9908, lipases, oxidases, peroxidases, peptidases, phosphatases, phospho- 
rylases, sulfatases, and transferases (Pearse, 1972; Hayat, 1970, 1975). 
It has been possible to adapt some of these methods for use in soil fabrics 
(Foster, 1978; Sec. I11.D.2). Rigorous controls employing specific en- 
zyme inhibitors or substrate-freo media are necessary since all these 
methods generate heavy-metal-containing products in order that they may 
be 8000 in the electron microscope, and heavy metal compounds in the 
media may become nonspecifically adsorbed onto soil components (Sec. 
गा. 0.2). Some enzymes which may bo readily demonstrated in roots ro- 
moved from tho soil cannot be demonstrated in intact roots still embedded 
in the soil fabric. Possible reasons for failure are (1) reaction between 
constituents of the enzyme-specific media and soil components; (2) soil 
‘components may overcome the buffering capacity of experimental media 
so that the optimal conditions of enzyme action aro not obtained: and (3) 
the enzymes may be denatured by soil polyphenolies transported to the 
enzyme by the reagents (Lyr, 1961; Ladd and Butler, 1969; Skujins, 1976). 

Other sotl components may be identified by treating the bulk specimen 
or ultrathin sootions with solvents or materials which modify the reactive 
sites in the components so that they are no longer stained by the heavy 
metals, The components are then localized in soil fabries by the appear- 
ance of electron-transparent gups which were previously electron-dense. 
For example, sulfur bacteria in soil fabrics may be recognized by the loss 
of electron density of cellular inclusions when the sections are floated on 
092. Similarly, acetylation will block the reaction between 0504 and 
polyphenols in plant tissues (Bland et al., 1971). Pure en! 
commercially available and may be used to localize particular biochemi- 
cals In ultrathin sections with 2 high degree of specificity. By floating 
serial sections on a varity of enzymes, dillevent biochemicals ean be 
located in the same fabri 

‘Organics, which are not visible after conventional fixation may neverthe~ 
less be located in situ in soil fabrics by enzyme digestion techniques. For 
example, a particular class of carbohydrate can be localized by treating 
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alternate serial sections, first with a specific hydrolytic enzyme and then 
with a periodic acid-ligand-silver reagent. All the sites in the soil fabric 
which contain vie-glycol groups become electron-dense in the enzyme- 
‘untreated sections, but those sites which contain the enayme-specifie 
carbohydrate remain clear in the cnzyme-treated sections. Identification 
and localization of any soil organic is therefore limited only by the avail- 
ability and purity of suitable hydrolytic enzymes 


3. 


०6 Sample | 


Methods used to dehydrate soils for electron microscopy include simple 
heating, air-drying, freeze-drying, critical point drying, and solvent 
exchange (Smart, 1974). Of these, only the latter three are likely to pre- 
serve organic matter in its native state. Solvent exchange at 4°C has 
proved the most successtul lor axur-stabilized or elay-rich fabries. The 
specimens are then enclosed in plastic (Glauert, 1974), The introduction 
of very fluid resins (Spurr, 1969) has greatly facilitated the embedment of 
soil fabrics, but for good embedment some clay soils need soalcing in the 
‘monomers for a period of weeks and even months, In order to hold hard 
minerals in place during ultrathin sectioning, and to prevent compression 
artifacts, it is necessary to use much harder embedments than are com= 
monly employed for biological specimens. 

It is usually impossible to cut ultrathin sections of soils with glass 
knives, and because diamond knives are both fragile and costly, it is neo~ 
essary to select areas of soll tabries which are 1४७0 from sand and silt. 
"The cured plastic blocks may be polished and suitable regions selected by 
‘examining the polished sortase by reflected light. Alternatively, thiek 
Sections may be cut by a sledge microtome and examined in transmitted 
light. Humified materials are stained brown by 0504, but other organic 
matter must be stained, for example with toluidine blue, to make it vis 
ible. Matorials which stain with organic dyes may not be electron-dense, 
and some materials which do not stain may nevertheless be very electron 
dense. 

Mineral-free regions of the fabric may be isolated for ultzamierotomy, 
manually or mechanically (Reid, 1974). ‘The best sections are obtained 
by cutting very small pyramids (0.1 to 0.5 mm side). Since many of the 
‘mineral components of soil fabrics do not ent, even with a diamond knife, 
bat are displaced irom tho fabric during cutting, sections are often frag- 
ile and fragmentary. Observations are therefore restricted to small 
regions of the fabric with specific interest, and since the best sections 
are obtained from regions rich in clay or organic matter, observations 
are biased toward those areas (Sec. IV). 
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If, IDENTIFICATION OF INDIVIDUAL ORGANIC COMPONENTS: 


In some cases, organic components of soil can be recognized as being 
derived from plant, animal, or microbial sources by their position in the 
soil fabric (०. 8, , root-derived mucilages, Fig. 2), their characteristic 
morphology (०.४: , invertebrate exoskeletons, Fig. 8b), or thelr ultra~ 
structure (0.8, fragments of plant cell wall, Figs. 2, and Se). Other 
materials may have no distinctive morphological features and are identi 
flog by thelx reaction with particular heavy metal stains. Many amorphous 
organic materials are of indeterminate origin, especially when they are of 
submicrometer size, 


A. Materials from Plants 


Materials derived from plants can be separated into two broad groups— 
those released into the soil {rom living tissues and those reloased trom 
senescent or dead tissues. This distinction may be useful in understand~ 
ing the localization of organic components in the soil fabric and their sus 
ceplibility to decomposition. ‘The Hirst group will contain normal cell 
metabolites which passively leak out of plant roots (exudates) and extra- 
cellular polysaccharides and enzymes which are actively secreted into the 
surrounding soil. ‘The second group will consist of the soluble products 
of call lysis (lysates) released on the death of the cells, cytoplasmic de~ 
bris within the cells of root, leaf and branch litter (denatured proteins 
७40.) , and eventually the cell walls themselves (sce Fig. 4). 


1. Root Exudat 


(७, Lysates, and Seeretions 
Most of the material in the root exudates and lysates will be Iow-molecu- 
lar-veight, water-soluble compounds which are not fixed in situ. Pos~ 
sibly, during cell lysis some polyphenolic compounds may be formed and 
Will remain at the site of formation. Plant roots, including those from 
axenle soils, are covered with a layer of mucilage secreted by root cap 
and epidermal cells, Demonstration of the mucilage requires careful fix~ 
ation to avoid shrinkage or displacement and special staining, since the 
mucilage is not directly visible by light microscopy and has only a weak 
electron density. Mucilage ts normally from 1 to 10 pm thick in dry 
olla, but may reach to 50 pm around grass roots from well-irrigatod 
soils. Since the weight of mucilage secreted by a wheat 080 may equal 
that of the grain harvested, mucilage may be an important souree of soil 
organic matter (Samtsevich, 1983) 

‘Mucilage is composed mainly of carbohydrates (Floyd and Obrolosye, 
3970; Oades, 1975) and is detectable as a granular, open-textured mater 
ial after conventional fixation (Dart and Mercer, 1961). Its slight electron 
density 15 probably due to minor constituents such as amino aids and 
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polyphenolies. Muellage 1s best demonstrated by treatment with Tantha~ 
num hydroxide (Fig. 2) or by specific periodate-ligand-silver reagents 
(Pickett-Heaps, 1967). Except whore it is protected by clay particles, 
mueflage 15 qulekly invaded by soil microorganisms (Figs. 2 and 5a) and 
becomes mixed with bacterial capsule and slime materials as well as 


colloidal organte and inorgante sol constituents (F 


. 5a). 1 therefore 


soon loses its distinotive ultrastructural und biochemical identity, and 
cannot be unequivocably identified in soil fabrics (See. IIL.D. 1) 


FIG. 5 Localization of enzymes: (3) Acid phosphatase. Certain ba 
Ia b show a positive reaction, whereas adjacent ones m are negative. 
Remnants of cytoplasmic debris त are also reactive. (b) Peroxidase at 
the root-soil interface of rice. A positive reaction is obtained in the root 
cell wall and sn the capsule of sulfur bacteria (arrows) Os/Pb. (०) Sue 
cinic dehydrogenase. ‘The reaction product is precipitated at the plasma- 
Jemma of soil bacteria, but there is also nonspecific staining of soll 
organies. 
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2, Cytoplasmic Debris and Cell Wall Materials. 

Decomposing root systems and shed aerial parts are a major source of 
organic matter in soils. There 15 increasing evidence that the release 

of organic C into soil from actively growing plant roots has heen grossly 
underestimated and will represent a major input. Growth cabinet experi~ 
ments employing 140 tracer (Barber and Martin, 1976; Martin, 19770) 
have given evidence that the amount of © released from whont and barley 
roots between seeding and early Ullering may represent up to 10% of the 
© of the net photosynthate. Other growth cabinet experiments (Sauerbeck 
and Jobnen, 1977) have shown that the mass of wheat roots washed out of 
the soil at flowering represents only a small fraction of the total root 
production. ‘The amount of root C converted to 002 during root growth 
is nearly threo times the amount recovered at harvest. Data for field 
‘crops have supported the growth cabinet experiments. Jenkinson and 
Rayner (1977) have estimated that organic matier equivalent to 1200 KE 
Chav! enters the top 23 em of soil in the unmanured plot of the Broadbatk 
‘continuous Wheat experiment each year. This value compares with the 
value from other experiments (Weibank et 91. , 1974) for a dry weight of 
wheat roots 6 weeks before harvest equivalent to 300 kg Chal. These 
values are in strong contrast with earlier estimates of carbon Toss from 
cereal roots as root exudates equivalent to less than 2% of the plant dry 
‘weight Rovira und Davey, 1974). 

Because of their high carbohydrate content, plant coll walls stain in 
tensely with silver after periodate and ligand treatment (Fig. 9a). This 
heavy staining reaction, combined with the greater thickness of plant cell 
walls, allows quite small cell wall fragmenta to be recognized in soil fab— 
ries and to be distinguished from remnants of the coll walls of bacteria 
(ig. 5b). 

‘The epidermal and outer cortical cells of the cereal २०0६ may be nr 
vaded by bacteria while the stele ts still fanctional (Foster and Rovira, 
1976, 1975). By anthesis, the outer root cells muy be reduced to the 
polyphenol-rich middle and terminal lamellae of the cell walls. In fresh 
ly deposited materials, these layers are the only ones with significant 
electron density after 0504 or KAInOg fixation. As the more degradable 
carbohydrates are utilized by the soil microflora, polyphenolic groups in 
the lignins are progressively unmasked, so that the cell walls become in- 
creasingly electron-dense alter conventional fixation (Fig. 36; Foster 
1078). With the removal of most of the carbohydrate, plant cell walls 
become distorted and compressed and give rise to multilamellate com- 
plexes (R, Fig. 30) similar to those seen in peat (Dart et al., 1969). 
Most of the cell contents are lysed when the cells die, but some materials 
such as resins and polyphenols may resist decay. Cell fragments im- 
pregnated with these materials may be frequently encountered in fabrics 
of soils from conifer forests (Foster aud Marks, 1967). 
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छ, Materials of Microbial Origin 


Soil microorganisms are a significant component of the total soil organic 
‘matter and have been estimated to represent 2 to 3% of the organic 0 in 

a range of topsolls (Jenkinson and Powlson, 1976). Microbial cells and 
fungal hyphae are readily seen in soil suspensions using light microscopy, 
SEM and TEM studies have demonstrated the morphology of soil miero- 
organisms and their spatial distribution on the surfaces of soil particles 
and roots (Jenny and Grossenbacher, 1963; Dart and Mercer, 196: 
Guckert et al., 1975; Foster and Rovira, 1976, 1978). 

‘Many microorganisms produce carbohydrate capsule materials and other 
organic gels (Webley et al., 1965). ‘These react neither with the fhsatives 
nor with the usual electron-dense stains and thus appear as electron- 
transparent spaces between the microorganisms and the surrounding clay 
fabrie (Fig. 1). The capsule material of some epecies stains with ruthe- 
nium red-Os03, which has been used to demonstrate an extensive, fibrous 
slyocalyx surrounding ७ bacterium from a forest soll (Pig. $a). The fi- 
brils are about § nm in diameter and over 1 um long. Adjacent organisms 
fare surrounded by material which reacts neither with the ruthenium 0504. 
or the lead stain, but which ean be located as an electron-transparent 
space between these cells ard the Ru-Os-reaetive capsule of the organisms 
nearby. In fabries of soils from under grass, the Ru-Os complex fre~ 
quently reveals extensive deposits of capsule carbohydrates which persist 
oven after the bactorin themselves have autolyzed (Fig. 6). The soll 
crumbs may be permeated by Ro-Os-reactive fibrils which, as in Fig. 6, 
bind the various inorganic and organic components of the soil fabric to- 
gether. Positive staining of Ru-Os-negative capsule materials may some- 
times be achieved by the pericdate-ligand-silver method (Kilbertus and 
Reisinger, 1975). 

In contrast to tho capsule material, the coll walls of bacteria are stained 
ser conventional fixation (Figs. 2 and 30), but the walls Increase mark- 
edly in electron density after treatment with periodate-ligand-silver rea— 
gents. PAMS has been used to demonstrate the wall of a bacterium em- 
bedded in the mucigel (Fig. 5a). By analogy, remnants of bacterial cell 
walls can be recognized in fabrics when the organism has died and the wall 
has fragmented (Fig. 5b). 

Bacteria also deposit in their cells organic storage products, such as 
polyhydroxybulyrate, which appears as electron-translucent material in 
the cytoplasm (Figs. 1 and 2). Electron-iense granules of polyphosphate 
(Figs, 2 and 3a), also occur in bacterial colls and may be released into 
the soil when the celle autolyze. 
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FIG. 6 Remnants of capsule material (ca: demonstrated by ruthenium 
red-0804) and humic materials which bind mineral components of 9 soil 
crumb. Ru/Os04/Pb, 
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९. Materials of Animal Origin 


Organic matorials trom animal sources may be grouped into skeletal re 
mains, seerotory and exeretory products, and artifacts. 


1. Skeletal Remains 


Most animals escape from soll fabrics during sampling, but some may be 
quickly immobilized by the organic aldehydes in the fixative, so that oc~ 
casionally some small invertebrates, such az nematodes, may be encoun- 
tered, More usually, animal remains consist of hollow appendages 

(Fig. 8b) and cuticle fragments. ‘These have a characteristic morphology 
and electron density so that they can be distinguished from the remains of 
plants. Remains of invertebrates are not uncommon under pastures. 


2, Fecal Pellets 
Bal (1973) has shown that fecal pellets of soil invertebrates often have a 
characteristic morphology so that they can be identified and classified in 
soil fabrics at the light microscope level. In ultrathin sections, fecal 
pellets are recognized by the enhanced electron density and by the dis~ 
organized nature of thor contents (f, Fig. 7). The enhanced electron. 
Gensity may be due to proteinaceous materials secreted by the gut of the 
soil animal, but they might owe their reactivity to polyphenols derived 
from tho surrounding soil, Fecal masses somelimes contain morphologi- 
cally recognizable plant remains, but these are soon invaded by micro- 
organisms which leave charactoristie lysis holes. Pxtensive bacterial 
colonies aro often found in the soil fabric near [008] deposits (b, Fig. 7). 
In many soils, plant Lrazments and other organie matier may be enclosed 
completely by cutans of clay (Foster, 1978) and these deposits may be 
physically protected trom decay. The recycling of these organic materi 
als may dopond on mechanical fragmentation In the guts of soll animals. 


3. 9003 


Worm burrows and some termite tunnels may be recognized at the ultra~ 
structural level by their size and their characteristic ultrastructure 
They consist mainly of amorphous electron-transparent materials, but 
termite tunnels and mound materials often contain clay particles and the 
characteristic remnants of the middle lamellae of plant cell walls, 


ts 


D. Materials of Indeterminate Origin 


1. Amorphous Organic Residues 


In nonsterile soll, it ts unrealistic to consider polysaccharides released 
from plants and microorganisms as distinct, separable entities. The 
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FIG. 7 Fecal material (1) supporting colonies of microorganisms. The 
fabric also contains humified organic matter, cell wall remnants, and 
Lipopratein membranes (n) Os/ Th 
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torm mucigel, introduced by Jenny and Grossenbacher (1963), has been 
used as being synonomous with "root mucilage."" ‘This was ot the inten 
on of Jenny and Grossenbacher, who used the term mucigel for "partiou~ 
larising the root and microbial excretion jelly surrounding the cell wall 
and extending into the root environment." We recommend that the term 
mmueigel be used in its original sense to define the gellike material sur- 
founding plant roots and extending into the soil matrix. Mucigel is 
probably predominantly plant polysaccharide which encloses intact mi- 
croblal cells, other material released from plant and microbial cells, 

and colloidal mineral and organic matter {rom the bulk soil. ‘The material 
produced by axente roots ean be called mueilage, but should not be 
termed mucixel. 

In dry-land soils with good aeration, mucigel may be restricted to the 
root apex and to isolated pockets between the epidermal cells (Foster and 
Rovira, 1976: 1978; Bowen and Foster, 1973). Bacteria enzymatically 
lyze the mucigel, leaving electron-transparent holes (Figs. 2 and 5a) 
Some mucigel-inhabiting bacteria may be elongated and have diameters of 
only 0-110 0.3 4m, In moist tropical regions and in irrigated pastures 
of warmer regions, mucigel may provide a protected, energy-rich niche 
for extracellular, nitrogen-fixing microorganisms {von Bulow and 
Dobereiner, 1975). Mucigel may also be important in maintaining soil 
structure, especially under grasslands (Martin, 1971) and under cereal 
crops where the upper few centimeters of sotl ave probably completely 
under the influonce of the rhizosphere Rovira, 1965). 

Mucigel is stained by the periodate-ligand-silver techniques (Fig. 3a), 
provided that tho poriodate treatment is of short duration. Mucigel thon 
has a characteristic granular appearance, which must be due to the carbo~ 
hydrate fraction of the gel, since the pertodate removes the Os fram the 
section. The use of silver demonstrates more clearly the boundary be~ 
‘twoon the cell wall of the root and the mucigel than does the lanthanum 
technique (Fig. 2). As the plant coll wall remnants, mucigel deposits, 
and capsule materials are fragmented by the action of the soll fauna, de- 
cay, and chemical weathering, characteristic morphological features are 
lost. ‘This moans that although they ean be locatod in soil fabrics, their 
origin can only be guessed at on the basis of thelr ultrastructure or thelr 
histochemical properties. For example, fibrous fragments which stain 
with 0804 are likely to be lignin residues similar to those in Fig. 30. 
Fragments which only appear after ruthenium-Os treatment are probably 
remains of bacterial capsule, as in Fig. 6. Fragments of mucigel can be 
recognized in the absence of roots by their characteristic granularity 
after conventional fixation (Dart and Mercer, 1964; Foster and Rovira, 
1976) and by their reaction with La (Fig. 2) or with the periodic actd~ 
silver reagents (Fig. 5a). Eventually organic materials become so com~ 
minute or chemically altered that although they ean be detected, tt is 
impossible to determine their origin. Thus, although certain silver-re- 
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active fragments can be identified as remnants of bacterial or plant cell 
walls, others are of indeterminate origin (Fig, 5b). 

Humified materials react strongly with 0504 and can be recognized as 
amorphous (h, Fig. 6) or stratified (b, Fig. 7) electron-dense materials. 
In soils under pastures, fragments of irregular shape about 0.1 jam in 
diameter may be common (Fig, 6) and are similar to those seen in peats 
by Dart et al., (1969). Visser (1903) has shown that humic acids ex- 
tracted from peats consist of irregular aggregates, but Chen et al., (1976) 
demonstrated that the appearance of humic materials Isolated from soils 
depends on the pif and ether conditions used in their extraction. Thus, 
humic acid samples from the same source could appear either granular 
or fibrous. It Is likely, therefore, that the morphology of humie materi 
als in ultrathin sections will be determined by the type, PH, and osmols 
ity of the buffer, the nature of the fixative, and the concentrations of Ca, 
Mg, Na, ote. in the medium during fixation (Chen ot al., 1976). 
Bloomfield ot al., (1976) have shown that the amounts of heavy metal 
complexed by hurified organic matter is pll-dependent. Copper is fixed 
onto fulvie acids at pH 3 and onto humic acids at pi 6 (Manskaja et al. , 
1958). A similar DH dependence has been observed for the uptake of lead 
(Zimdabl and Hasslott, 1977). It may be possible, thorefore, Lo identity 
different kinds of humic materials by appropriate adjustment of the pH at 
fixation. 

Soils also contain inorganic amorphous materials which may be difficult 
to distinguish from organic maticr. BPM may be used to identify morgan 
fe deposits by determining the ratios of particular elements in them. 
However, in tho absonco of EPM, use may be made of the fact that osmium 
black is removed from ultrathin Sections by 1202. ‘Thus, amorphous or~ 
ganic materials lose their electron density after treatment, but inorganic 
materials are unaffected. Mixed inorganic/organic colloids may also 
occur in soils, and these can be identified by suitable combinations of 
dostalning and staining procedures. 


2. Soil Enzymes 


‘The precise location of enzymes can be determined to within 10 nm, using. 
the appropriate histochemical methods. It should he possible, therefore, 
to determine how much of a particular soll onzyme 15 located within living 
Lssues of plants, animals, and microorganisms and how much is adsorbed 
‘onto nonliving organic and inorganic soil constituents. 

Both roots and microorganisms produce enzymes, some of which are 
extracellular and some of which are released into the soil on the death of 
the cells (Kuprevieh and Sheherbakowa, 1971; Ladd and Butler, 1973; 
Skujins, 1976). Enzymes mediuting electron transfer are thought to be 
associated mainly with living cells, and therefore can be used to test the 
specificity of histochemical techniques. Enzymes active against high 
molecular-weight materials may He free in the soil (Skujins, 1976) or be 


FIG. 8 Localization of vic-glycol groups by the periodic acid-methena~ 
mine-silver method. (a) Root-soil interface. ‘There 15 an intense rene 
४०७ in the cell walls of the root and bacteria. ‘The mucigel is less reac 
tive (I: lysis of mueigel by bacteria), (b) A rogion remote from the root. 
Intense reaction obtained in wall remnants of root and bacteria, but also at 
other sites whore there is no morphologically recognizable material. 

Ag only. 
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associated with organic debris or even clay minerals. Tests for acid 
phosphatase have located the enzyme both in the cytoplasmic remnants 
associated with the cell walls of roots (ते, Fig. 8a) and at the surface of 
‘the bacterial cells in the rhizosphere and in the general soil fabric, Cell 
Irogments of submicrometer size retain acid phosphatase activity. Fecal 
materials are often rich in enzymes, and it is possible that soil compo- 
nents may become secondarily Invested with enzymes as they pass through 
the guts of soil animals 

Peroxidase is common in soils, and can be located in the middle lamel~ 
190 of coll wall fragments by the diaminobenzidine method (Graham and 
Karnovsky, 1966). Catalase has been located in soil fabrics near rice 
roots (Fig. Sb), Where it is involved in the breakdown of 1202 produced 
during the oxidation of HS to elemental $ by rhizosphere microorgan~ 
isms (Joshi and Hollis, 1977). ‘The enzyme occurs both in the cell walls 
of the epidermal cells of the rice an in the capsules of the 8 bacteria 
(arrows, Fig. 8b). 

‘Techniques using heavy metals to locate enzymes in soil fabrics must 
be interpreted with caution, Tests for succinic dehydrogenase demon- 
strated the enzyme at the plasma membrane of bacterial cells (Fig. So), 
but adjacent soil organic matter is also electron-dense. Since this 
enzyme is usually associated only with living cells, the electron density 
in the organics must be due to nonspecific adsorption of the metals used 
in the test. These unspecific reactions limit the usefulness of enzyme 
cytochemistry in soil fabries, and at present enzymes have only been 
unequivocally located in morphologically recognizable cells or cell 
fragments. 


3. Lipoprotein Me 
Fragments of lipoprotein membranes are common in soil fabries, both 
near roots (Foster and Rovira, 1975) and in the bulk soil (m, Fig. 7). 
Membranes are present in all cellular organisms, but in soil fabries they 
are most often associated with colonies of bacteria. Many enzymes are 
associated with membranes, and since the membrane fragments tend to 
roll inward, these membranes may constitute one type of protected site 
where enzymes could persist in sols. 


IV. QUANTIFICATION OF COMPONENTS IN SOIL FABRICS 


Because it Is possible to recognize in electron micrographs the various 
‘components of 801] fabrics on the basis of their morphology, texture, and 
histochemical reactions, it is also possible to determine the approximate 
proportions of 990) elass of component in the soll. 


I 
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‘Smart (1966), Foster and Evans (1971), and Tovey et al., (1974) have 
described some of the methods in quantitative analysis of soil fabries. 
Automatic systems which operate on electron miorographs and oven on the 
‘output of scanning electron microscopes are commorcially avatlable, 
Table 4 shows the results of a crude qualitative analysis for fragments of 
four Australian soils. 

Electron micrographs of the soil fabries were sampled at 200 points 
arranged in a regular grid, and the nature of the material at each point 
was recorded. Minerals were differentiated inte clay or quartz on the 
basis of internal morphology or fragmentation characteristics. Organte 
matter was differentiated into three main classes: (1) living cells such 
as microorganisms: (2) electron-transparent materials, assumed to be 
carbohydrate-rich; and @) electron-dense, polyphenol-rich materials. 
Further differentiation was made on the basis of ultrastructure (texture) 
to give six classes. Those are (1) bacterial cells; (2) bacterial oapeuless 
(5) muolgel: (4) eaxbobydrate-rich cell wall layers: (5) polyphenol-rich 
cel] wall layers; and (6) polyphenol-rich, amorphous humic materials. 

‘The number of points (out of 200) falling on each category of soll com- 
ponent (Including voids) was determined for each class of compound (vol % 
of the fabric), Several areas were counted for each type of specimen and 
results wore expressed as the mean for each soil type. There were con- 
sistent differences between the various types of specimen, despite high 
Standard deviation of means due both to the natural heterogeneity of the 
soils at the ultrastructural level and to the small volume of soil repre~ 
sented In each electron micrograph. The proportion of quartz calculated 
for the soils would be lower than that obtained by mechanical analysis 
because of the necessity to avoid regions rich in hard minerals. However, 
Irom the point of view of the soll microbiologist, these results may be 
more meaningful than gross analyses, because they describe the immedi- 
ate environment of particular soil microorzanisms 

‘The results in Table 4 emphasize the differences in the microbial onvi~ 
ronments in bulk soils and in rhizospheres. Void space was significantly 
smaller in the rhizosphere soils, because mechanical pressures from 
growing roots compact the soil around them (Blevins et al., 1970) and 
because most of the available void is filled with gels. These results indi 
cate that quantification can be attempted using ultrathin sections. Unfor~ 
tunately, in order that the various components may be unambiguously 
identified and that a reasonable number of sampling, points may fall on each 
clase of material, large (10, 000x) magnifications are necessary. Thus 
the volume of material sampled in each electron micrograph is very small 
(3 x 10°12 om). Using conventional TEM, the number of areas of fabric 
of a size similar to that shown in Fig. 1 and which survive the cutting and 
staining procedures is very small (~0.1% of sections examined). The use 
of STEM may increase the survival rate of large areas of soll fabries, 
since thicker sections can be used. 
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Ve FUTURE DEVELOPMENTS 


Although in situ studies using electron optical techniques have not yet ex- 
plained the stability of polysaccharide or nitrogenous components of soll 
fabrics, some insights into possible causes are being provided. For ex- 
ample, Figs, 1 and 2 show that both individual bacteria and colonies may 
be enveloped in clay or may be separated from recognizable organic mat~ 
tor by tons of micrometers. Figure 8b shows a soil fabric in which there 
are present various types of silver-reactive carbobydrate, but no microbl- 
al cells. Such studies could demonstrate organic matter which is in voids 
too small for access to soil microflora and that which is blanketed by clays 
or impregnated with polyphenolics. ‘These observations could be extended 
by tho use of autoradiography of HC -Iaboled materials at the ultrastruc~ 
tural level, using liquid emulsions, or by the tse of antibodies to which 
electron-dense tags have been added (Pearse, 1972). Since antibody 
Inboling can be performed on ultrathin sections, different biochemicals 
could be localized in successive sections of the same soil fabric. EPM 
could show if carbohydrate were impregnated with Cu, Zn, or other 
metals which would inhibit its decomposition (Martin et al., 1966). 

‘Many of the uncertainties on soil enzymes will be removed using the 
techniques described in Sees, पा. छ, 2.0 and I.D.2. Provided that un 
specific reactions with soil organic matter aro not excessive, it will be 
possible, after examining a number of sections, to determine the relative 
proportions of an enzymic aetivily associated with whole cells or with cell 
fragments or sorbed onto clays or humic materials, Alternatively, by 
combination of EPM with STEM on thicker sections, it may be possible to 
locate organic products of enzyme reactions, e.g, P-containing products, 
and so avoid artifacts due to nonspecific adsorption of heavy motals. 

‘The electron-optical techniques can also lead to a better understanding 
of the dynamics of soil biomass and energy flow through soils. Several 
authors (Clark and Paul, 1970: Gray and Williams, 1971; Jenkinson and 
Ladd, this volume, Chap. 10) have compared estimates of total microbial 
numbers in soil, obtained by direct microscopy, with estimates of the 
amount of available ©, and have concluded that cell division is limited to 
210 $ times per year. Yet the electron micrographs published here (Fis. 
2) and elsewhere (Foster and Rovira, 1976, 1975) have shown colonies of 
bacteria at the soil-root interface and within pockets of organic matter in 
‘he bulk soil, with individual cells which contain large amounts of inclu= 
sion material, indicative of an abundant supply of locally available sub- 
strate. I is evident that many of the microorganisms detected by direct 
microscopy either remain dormant for long periods or are nonviable, even 
though they may retain osmotic barriers intact (Postgate, 1973). TEM 
studies of rhizosphere soils support both possibilities. Tests for acid 
Phosphatase in rhizosphere soils showed that only 25% of the recognizable 
microbial cells gave positive reactions, although their eytoplasmie organ 
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ization appeared as complete as that of their unreactive near neighbors 
(ig. 8a). Alternatively, soil microflora such as the lobed forms ob- 
served in rhizosphere soils hut not in the bulk 5011 (Old and Nicholson, 
1975; Foster and Rovira, 1978) may multiply only at root surfaces and 
may remain dormant at other times. 

‘TEM studies of rhizosphere soll suggest that the microbial populations 
which result from the release of organic material from the roots occur In 
small diserete pockets of intense activity, rather than evenly distributed 
through the soil (Fig. 2). Factors contributing to the discontinuity are 
(0) the very small proportion of the soil volume occupied by plant roots— 
usually less than 5% (Viersum, 1961); and (2) a variation with time in the 
amount and nature of the organic material released from plant roots 
(Martin, 1975). It also scoms likely that variation im plant-available 
water will give rise to localized sites at which there is an increased :0- 
ease of root 6 into the soil (Martin, 29773). These considerations em~ 
phastze the necessity for studies of rhizosphere phenomena to be based on 
in situ examination of soil in which there is vigorous root growth. 

‘A major limitation to in situ soll studies using TEM of ultrathin sec— 
tions, ts the very small sample size (and large magnifications) necessary 
to distinguish the various types of colloidal organic matter. Thus, TEM 
estimates for the different classes of organic matter should be complo- 
mented by chemical characterization of material released from the growth 
and decomposition of plant roots. The plants should be grown in soils re~ 
taining their natural structure, and the plant tops supplied with radioiso- 
tope (ef. Warembourg and Paul, 1973; Warembourg, 1975). It would then 
be possible to compare the total amount of radioisotope present in the dif 
ferent {actions of organic matter (chemical or physical) with the presence 
of the radioisotope in structural components of the soil fabric, as indi- 
cated by SEM or TEM. Short-term experiments could provide informa~ 
‘sion on processes involved in the loss of 0 from actively growing roots, 
while studies made 6 to 24 months alter labeling the plants could identity 
the chemical nature of the resistant organic matter and its relationship to 
various components of the soil fabric, 

‘This approach could also be used in nonrhizosphere soil to extend studies 
such as those by Grossbard on the decomposition of litier (Grossbard, 
1971) and herbicides (Grossbard, 1973), and would be applicable to envi- 
ronmental studios on the movement of toxic chemicals or nuclear radio 
isotopes through different ecosystems. 
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